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Abstract

The diffusion coefficient of liquid lithium, which is expected to show large isotope effects
because of its small atomic mass, was measured by the long capillary method under the
microgravity due to the launch of the sixth TR-IA rocket. The detailed description is given
for the procedure of the microgravity experiments for the very aggressive materials such as lig-
uid lithium. The smaller diffusion coefficient was obtained for 7Li in liquid 6Li compared with
the case of 6Li in liquid 7Li. These behaviors were discussed based on the theoretical calcula-
tions successfully in a qualitative manner from the point of view of the hard sphere model, in
which the hard sphere diameter was determined from the theoretical point of view.

1. Introduction

The space environment has many fascinat-
ing properties, such as no gravity, no convec-
tion and large vacuum area. For the purpose
of diffusion measurements of melts with high
melting points, the space has been clarified to
be an ideal circumstanced. The most advan-
tageous point of it is derived from the absence
of gravity, which, on the ground, induces the

convection in liquid samples and spoils the
concentration profiles of the diffusion experi-
ments. The liquid metals are the most fun-
damental materials of melts with high melting
point. For example, sodium, lithium, liquid
iron, copper, aluminum, etc., are directly relat-
ed to the industrial processes. In addition,
from the theoretical points of view, liquid
metals has many advantageous points for de-
tailed theoretical analysis, for examples, wide
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liquid ranges, monatomic liquids, the exis-
tence of interatomic potentials given by the
pseudopotential theories, many techniques for
computer simulations, etc. Therefore, it is
very interesting to perform microgravity ex-
periments of diffusion of liquid metals, partic-
ularly liquid lithium, for which the isotope
effect is expected to be found because of its
light mass. Unfortunately experiments for lig-
uid lithium is extremely difficult due to aggres-
sive reactivities to many container materials.
Therefore it is also very important to develop
the experimental method for diffusion experi-
ments under microgravity of liquid lithium.
The purpose of this paper is twofold. One pur-
poseis to develop the experimental method un-
der microgravity for aggressive materials like
liquid lithium. The other purpose is to inves-
tigate the diffusion of liquid lithium under the
microgravity of TR-IA-6 rocket.

2. Experimental

2.1 Experimental method

In this experiment the self-diffusion
coefficient was measured by the long capillary
method, whose experimental technique under

microgravity has been well established. Four

kinds of diffusion experiments at the same
time in one flight of TR-IA-6 was performed
by employing four furnaces in MPS (Multi
Purpose Furnace), which is installed in the
TR-IA rocket. MPS is composed of six fur-
naces whose temperature can be independent-
ly controlled. One furnace accommodated one
SUS container, into which one BN crucible
was inserted. In this BN crucible three holes
were drilled for the accommodation of three
diffusion samples. In Fig. 1 is shown the sam-
ple cell configuration. As a result 12 pieces of
diffusion samples (three pieces x four furnace)
were to be thrown into the self-diffusion experi-
ment on the launch of TR-IA-6.

In Fig. 2 is shown schematically the ex-
perimental arrangement of samples. In No. 1
and No. 2 samples of “‘type a”’ (MPF-2/a-bu,
MPF-3/a-37 and MPF-4/a-20), rods of 6Li (2
mm dia., 4 mm length) were combined respec-
tively with bars of "Li (2mm dia., 20 mm
length). This arrangement was adopted to try
the self-diffusion of tracer ¢Li into the liquid
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Fig. 1 Cell configurations; A: Sample; B: BN crucible;
C: BN plug; D: W spring; E: Cushion material;
F: SUS container. '

7Li medium. In No. 3 samples of “type a’’, .
rods of 6Li were combined respectively with
bars of 7Li. This arrangement was adopted to
try the self-diffusion of tracer 7Li into the lig-
uid $Li medium. In “‘type b’’ (MPF-5/b-20),
No. 1 (No. 3) is planed to measure the self-
diffusion of tracer "Li(°Li) into the liquid SLi
("Li) medium; No. 2 is the configuration of in-
terdiffusion type of liquid 7Li-SLi alloys, The
isotope concentrations of employed stable iso-
topes are shown in Tab. 1 together with the
natural lithium.

The cell configuration shown in Fig. 1 was
determined by considering the reactivity and
vapor pressure of lithium and the prevention
of Marangoni convection.

The special attentions were paid for the reac-
tivity and vapor pressure of lithium. To pre-
vent lithinm samples from oxidation and ni-
tride formation all procedures for the sample
preparation were performed in the glove box,
as shown in Fig. 3. After the enclosure under
Ar atmosphere by welding, the SUS contain-
ers including lithium diffusion samples could
be brought out from the glove box and finally
they were brought to Tanegashima Island for
the launch of TR-IA-6 rocket. The pressure
of Ar was adjusted to be 1 atom at the ex-
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Furnace/Sample type  Sample No.1
MPF-2/abu b
(673K)
MPF-3/a-37
(643K)

MPF-4/2-20  6Li 7Li
(593K)

7Li 50at% 6Li 6Li
MPF-5/b-20 383 "

(593K)

4mm 20mm 4mm

Sample No.2

12mm

Sample No.3

TLi TL

7Li i 6Li

7Li 7Li 6Li

6Li 7Li 6L1

50at% 6Li 7IT'i

Fig. 2 The configuration of the samples for the sixth of TR-IA rocket experiment.

Tab. 1 The isotopic abundance of Li

TLi 6L.{
Natural
Li 92.5 atom% 7.5 atom%
"ILi 99.0 atom% 1.0 atom%
SLi 4.38 atom% 95.62 atom%

perimental temperature.

The mother sample bars (°Li, 7Li and 50
at%°Li-50 at%’Li) for the diffusion samples
were prepared in the glove box by the casting
of melts into the BN mould after the vacuum
degassing procedure. Then the diameter of
this mother bars were adjusted so that they
could be introduced into the three holes in the
BN crucible. Required rods and bars with the
appropriate length for diffusion experiments
were prepared from these mother bars by cut-
ting procedure.

As is well known, the Marangoni convec-
tion prevails under microgravity if free sur-
faces are present in samples. Therefore, for
diffusion experiments, the free surface, voids
and cavity of samples must be removed com-

. N
melting Li metal G‘Ove box

Y

removing gas from ) __ (" souring liquid Li into BN
liquid Li mold

adjustment of sample diameter |
by rolling

adjustment of sample length and

edge surface by cutting

insert Li sample, BN plug, BN spacer
and W spring into BN container

M

seal the sample into SUS ampoule
by welding

i

leak check

Y
Ei‘he sixth TR-1 A rockea

Fig. 3 The flow chart of preparation of the samples for
the sixth TR-IA rocket experiment.
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pletely; otherwise the concentration profile of
diffusion may be spoiled by this Marangoni
convection. Therefore, the slight pressure was
applied to the sample by the tungsten spring
throughout the course of experiment in order
to prevent the formation of cavity or voids in
liquid sample due to the volume change on
melting and heating, keeping at holding tem-
perature, cooling and solidification. If the
force of spring is too strong liquid lithium
leaks out from the clearance between outer sur-
face of BN plug in the lithium side and inner
wall of hole in BN crucible (Fig. 1). If it is too
weak the cavity appears on the corner of bot-
tom of BN crucible. The appropriate spring
constant and free length of tungsten spring
were determined by the volume change of sam-
ple, the clearance between outer surface of BN
plug in the lithium side and inner wall of hole
in BN crucible, the curvature R of the corner
of bottom of BN crucible, based on the con-
sideration of capillary (interfacial) phenome-
na. For this purpose the contact angle between
liquid lithium and BN (crucible) material is
very important. Therefore, the contact angle
was measured and it was found that the spring
mechanism works up to 673 K safely and over
673 K the reliability of this mechanism is lost
under the present cell configuration. This de-
termined the highest experimental tempera-
ture. In the early stage of present experiment
the nitride formation causes the non-mixing of
contact part between tracer rods and bars in
the diffusion sample even after melting. Fi-
nally we solved this problem. However, be-
cause of the experimental schedule slightly
higher temperature, 593 X, was adopted as the
lowest experimental temperature for safety.
To tell the truth, the contact angle measure-
ments were performed for 13 kinds of refracto-
ry and metallic materials and only BN was ap-
propriate for the present experiment due to its
comparatively large contact angle.

The concentration of ¢Li and 7Li was deter-
mined by the SIMS analysis. The experimental
condition for the SIMS analysis was shown in
Tab. 2.

2.2 The method for the determination of
diffusion coefficient

In the case of rocket experiment, the diffu-

Tab. 2 The conditions of SIMS analysis

primary ion species of
primary ion acceleration voltage 8.0kV
primary ion current ~400 uA
raster area 150 ym o
analytical area 30 um¢
degree of vacuum ~10~7Pa

zejf=
Dkeep

sion proceeds during the heating and cooling
periods in addition to the keeping period. The
contribution of heating and cooling periods
can be considered by the effective time, 7.4,
defined as follows:

1 gTw D(T)

AT+t
r dT/dt T Yoy

1 S’Tm D(T)

+D,,,ep dT/dt

ar 1)

T, keep

In this equation 7, is the melting temperature.
Only over T, the contribution of the atomic
migration is considered to the diffusion. D(T)
is the diffusion coefficient as a function of tem-
perature 7. dT/d¢t’s in the first and third terms
are the heating and cooling velocities respec-
tively. Tieeps Dieep a0d ey are holding temper-
ature, diffusion coefficient at T%,,, and holding
time respectively. For the sample “‘type a’’ the
following form can be used as the concen-
traion of tracer at time t and position x, n(x,

ny—n d+x
nix, )= 2 (erf(zﬁ)

d—x
+erf(21/a))+n1. 2)

This solution corresponds to the case of finite
depth of tracer and the solution of Fick’s sec-
ond law corresonding to this boundary condi-
tion has been given recently by the Laplace
transformation technique?.

For the sample ‘‘type b”’, the conventional
solution of diffusion couple can be used.

n(x, zf)=-"’i;~f-’i(1—eyf(2j5t>>+n1 3)
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Coupled equations (1) and (2) and coupled

equations (1) an

d (3) can be solved iterative 3. Results

method, as already described successfully. The temperature profiles during the

microgravity for the TR-IA-6 are shown in
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Fig.'4 The temperature pattern for the sixth TR-IA rocket experiment.
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Fig. 4. The important experimental period
from melting to solidification was found to be
finished during the microgravity period. The
holding time was 170 ~ 224 sec. The examples
of concentration profiles obtained are shown
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in Figs. 5 and 6. In these figures dots indicate
the point of experimental analysis and lines in-
dicate the fitted curves described in Sec. 4.2.
As a first look the concentration profiles
seemed to be very sound in spite of very
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Fig. 5 The examples of concentration profiles for the sixth TR-IA rocket experiment.
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Fig. 6 The concentration profiles for b-type sample
configuration at 593 K.

difficult experimental conditions due to the
high reactivity of liquid lithium.

4. Discussions and Conclusions

4.1 The results of cell design

In this experiment, only for one sample
among 12 total diffusion samples, the leakage
of liquid lithium was found from both the bot-
tom and plug parts of BN crucible. In addition
the oxidation and the nitride formation of sam-
ples were not found on the inspection of reco-
vered samples after the flight. Therefore in
spite of very difficult experimental condition
due to high reactivity of liquid lithium the fun-
damental technique for space experiments was
successfully - acquired for very aggressive
materials such as liquid lithium. In addition
the tungsten spring, which was for the first
time employed for space experiments, worked
very well except for one case with the leakage
described above.
4.2 [Evaluation of diffusion coefficient

In the present rocket experiment the holding
time of only about 200 seconds was retained.
The contribution to the diffusion of heating
and cooling periods must be taken into ac-
count. Therefore the iteration method, whose
explicit procedure is shown in Fig. 7, was per-
formed. The convergence of this iteration is
considerably good. The diffusion coefficient
was determined self-consistently by using the
set of data at all experimental temperatures.
The obtained diffusion coefficient is shown in
Fig. 8 for ‘“‘type a’’ samples. The diffusion
coefficient of ¢Li in liquid 7Li is expressed as

Ds(SLi)= —2.49166 X 1074+ 6.64416
x10-7T. (4)

The diffusion coefficient of 6Li in liquid "Li is
expressed as

Ds(’Li)= —5.89984 x 10~4+1.15804
x10-6T. 5)

Also for “‘type b’’ sample the quality of fit-
ting is good. The inter-diffusion coefficient in
50 at%°®Li-50 at%7Li was obtained to be
1.42 % 10 cm?s~! and the diffusion of SLi and
7Li in liquid "Li and liquid SLi respectively are
1.37x10"5cm2~! and 1.28%x107%cm?s—1,
These values closely relate to Darken’s
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Fig. 7 The flowchart of the iteration procedure for the
determination of the temperature dependence of
diffusion coefficient.
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Fig. 8 Comparison of temperature dependence of diffu-
sion coefficients of liquid Li.

relation®. However, Darken relation is to be
fully discussed in the report of 7th TR-IA
rocket experiment in 1998, in which a

microgravity diffusion experiment was per-
formed in liquid alloys, Ag-Cu.
4.3 Theoretical analysis of self-diffusion

coeficient

The theoretical calculations were performed
based on the hard sphere model®. According
to this model the atomic motion of tagged
atom experiences the successive binary colli-
sions in a cage formed by the surrounding
atoms. If surrounding atoms cooperatively
open the path for the tagged atom, the event
of diffusion occurs. The former effeét was esti-
mated by the Enskog term, Dgys, and the lat-
ter effect was estimateds by the socalled back
scattering factor, Cgs.

D IEIS = CpsDens

Dgyst Enskog’s formula

3 (kBT)UZ {6}’91{3(0’)} -1
Dens=—o0

8 M 7
_ 4-2y
gHS(U)—4(1 _y)3

(Pair distribution function at hard sphere di-
ameter distance o)
Cgs: Back scattering factor

(1—-y/2) 6y 6y\*
-y ( 1.0%)[”(?)
X {0.4-—0.83 (6—)))2}]
VA

y=% no® (packing fraction)

Ces=

For the numerical estimations, the hard
sphere diameter must be introduced into these
equations. Empirical relation for the tempera-
ture dependence of the hard-sphere diameter
was adopted here.

y=0.472 at T,
a(T)

T \1/2
=1,12651-0.112[ —
(Tm) { (Tm> }

The calculated results are shown in Fig. 8,
in which the difference of atomic mass is explic-
itly taken into account. Qualitatively good
agreement was obtained between experiments
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(exp) and calculations (Empirical).

For the hard sphere model, it is also im-
portant to adopt a proper hard sphere di-
ameter in place of empirical one. Therefore,
the hard sphere diameter was tried to be deter-
mined by the purely theoretical calculations.
In this case the inter-ionic potentials required
was calculated from the pseudopotential theo-
ry of metals. Thermodynamic liquid theories
were applied, Gibbs-Bogoliubov liquid ther-
modynamic variational theory (GB) and
Weeks-Chander-Andeson liquid perturbation
theory (WCA)?). The WCA gives slightly bet-
ter results, which may be derived from the fact
that the full information of inter-ionic poten-
tials was taken into account in the case of
WCA.

4.4 Isotope effects

Up to date the isotope effect, that is the
effect of atomic mass difference on physical
properties among same element has been stud-
ied for self-diffusion, for example, by the
pulsed-field gradient NMR method®. In this
~ method the self-diffusion can be measured
without isotope elements. However, the
strong magnetic fields are required due to the
skin effects and the applicability of this
method to liquid metallic system is limitted to
only metallic Li practically. Therefore, this
NMR method does not seems to be the main
medthod for measuring the self-diffusion
coefficient for metallic system. Up to date vari-
ous data have been reported for the ratio of
self-diffusion coefficient, Dg(6Li)/Dg(’Li), for
examples 1,189, 1.257 and 1.099 by this NMR
method and 1.30” by the capillary researver
technique. The molecular theories of liquids
predicts the value (7/6)1/2=1.08. On the
other hand Omini'® estimated this ratio to be
1.25 from quantum mechanical estimation of
mean free path of atoms. In the present experi-
ment the isotope effects were tried to be detect-
ed experimentally by the long capillary
method, which has been well established as the
microgravity experiment. However, the accura-
cy of present experimental data is not

sufficient, as shown in Fig. 8. The difference be-
tween Dg(6Li) and Dg("Li) is large at some tem-
perature and small at another temperature.
The main reason for it is the very short hold-
ing time for the present experiment. There-
fore, it needs more experimental improve-
ments for accurate determination of isotope
effects from the experimental side. In addi-
tion, from the theoretical side, detailed studies
must be performed for the clarification of iso-
tope effects based on the electronic theories.

Finally in this report the technique for space
experiments of diffusion for very aggressive
materials are successfully developed. The ob-
tained diffusion coefficient was discussed from
the microscopi¢ atomic and electronic point of
view.
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